Mycobacterium tuberculosis parasitizes resting macrophages yet is killed by activated macrophages through both oxidative and nonoxidative mechanisms. Nonoxidative mechanisms are linked to the maturation of the bacteria-containing phagosome into an acidified, hydrolytically active compartment. We describe here a mechanism for killing Mycobacteria in the lysosomal compartment through the activity of peptides generated by the hydrolysis of ubiquitin. The induction of autophagy in infected macrophages enhanced the delivery of ubiquitin conjugates to the lysosome and increased the bactericidal capacity of the lysosomal soluble fraction. The accumulation of ubiquitinated proteins in the autophagolysosome provides one possible mechanism behind the antimicrobial activities observed for a range of pathogens in autophagous host cells.
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macrophage ͉ phagosome ͉ tuberculosis ͉ lysosome M ycobacterium tuberculosis parasitizes its host macrophages through arresting the normal maturation of its phagosome, and it resides in a compartment of relatively high pH (6.4) that fails to fuse with lysosomes (1) (2) (3) . Much of the literature detailing the bactericidal activity of infected macrophages focuses on reactive oxygen and nitrogen intermediates produced by these cells upon activation by host cytokines (4) . Although these mechanisms are undoubtedly key to the clearance of many pathogens, it is also clear that nonoxidative mechanisms dependent on the successful delivery of the pathogen to the acidic, hydrolytically active lysosomes also play an important role (5) (6) (7) . Alternative pathways for bactericidal activity have recently come to the fore following the work of Gutierrez et al. (8) . They demonstrated that the induction of autophagy in Mycobacteriuminfected macrophages led to delivery of the bacterium to lysosomes and culminated in bacterial death. Similar lysosomalmediated killing has also been reported for Streptococcus, Shigella, Legionella, and Salmonella (9) (10) (11) (12) , indicating that microbicidal activity through the induction of autophagy has broad implications for intracellular infections. In this work we describe a mechanism of mycobacterial killing in the lysosome by ubiquitin-derived peptides, which is enhanced by the induction of autophagy.
Results and Discussion
In preliminary studies designed to elucidate the nutrient source exploited by intracellular M. tuberculosis, we incubated bacteria in solubilized lysosomes isolated from resting bone-marrow derived macrophages (BMM⌽) and noted, to our surprise, that the lysosomal extract killed the bacteria. This soluble fraction (SF) was toxic to both M. tuberculosis and Mycobacterium smegmatis and, at 50 g/ml, induced a 5 log reduction in bacterial number after 24 h (M. smegmatis) or 65 h (M. tuberculosis) of incubation (Fig. 1A) . Separation by size-exclusion columns indicated that the bactericidal component of the SF was smaller than 10 kDa (data not shown), and activity of the lysate was abolished by trypsin treatment, implying that it is proteinaceous in nature (Fig. 1B) . Electron microscopical analysis of SF-treated organisms indicated that the integrity of the bacterial cell wall was impaired and suggested that the bacterial cell wall was permeabilized (Fig. 1C) . This ultrastructural change is similar to that observed upon treatment of bacteria with pore-forming cationic antimicrobial peptides or defensins, the proposed mechanism of which is to insert into the bacterial membrane and alter membrane permeability (13) .
The lysosome contains a rich mixture of hydrolytic enzymes and proteins. To identify the component responsible for mycobacterial killing, SF was loaded onto a cation-exchange column and fractionated by HPLC. Each individual fraction was tested for bactericidal activity against M. smegmatis, and a single peak (peak 9) was found to retain the bactericidal activity ( Fig. 2A) . The HPLC-separated fraction was trypsinized and analyzed by nano liquid chromatography/tandem mass spectrometry, and, in two independent runs, four discrete peptides were obtained that corresponded to ubiquitin and the ribosomal subunit Rps27a, which is translated with the ubiquitin sequence as an N-terminal extension (Fig. 2B) .
Ubiquitin is best characterized as a posttranslational addition to proteins that targets them for degradation through the proteosome (14) . In addition to this ''classic'' route for protein breakdown, it is also known that ubiquitin regulates trafficking of proteins in the endocytic pathway. Monoubiquitinated proteins, most notably integral membrane proteins, are imported into multivesicular bodies (MVBs) and delivered to lysosomes for degradation (15, 16) . However, lysosomally degraded proteins are thought to be deubiquitinated before import into the lysosome. Both datasets pose significant logistical problems to the proposal that bacterial killing by ubiquitin-derived peptides may be biologically significant. But it is also known that ubiquitination is a requirement for the formation MVBs. In previous experiments demonstrating the transference of cytosolic cargo into lysosomes in macrophages infected with Leishmania, we found that this transfer was enhanced upon the induction of autophagy and was routed through autophagosomes, which appeared comparable ultrastructurally with MVBs (17) . Moreover, cells deficient in autophagy accumulate aggregates of ubiquitinated proteins in the cytosol (16, 18, 19) .
We hypothesized that the formation of internal vesicular structures might facilitate transfer of membrane-associated ubiquitin or ubiquitinated protein aggregates to the lumen of the lysosome. This hypothesis is supported by the recent detection of ubiquitin in exosomes (20) and previous studies that documented ubiquitin within the lumen of MVBs and lysosomes (21, 22) . Initial observations with immunofluorescence microscopy using antibodies to LAMP1 and to ubiquitin indicated that there was significant overlap between LAMP1-positive and ubiquitinpositive compartments in both resting BMM⌽s as well as BMM⌽s stimulated into autophagy by starvation [supporting information (SI) Fig. 6 ].
The localization of ubiquitin to the lysosome, in particular to the lumen of the vacuole where bacteria are delivered, is key to establishing a mechanism for ubiquitin-mediated killing. To determine whether the ubiquitin associated with the LAMPpositive vacuoles was membrane-associated or luminal, immunoelectron microscopy was performed. Immunoelectron microscopy of control and M. tuberculosis-infected BMM⌽s demonstrated that the majority of conjugated mono-and polyubiquitin detected was either within LAMP1-positive vesicles or associated with the limiting membranes of these structures ( Fig.  3 A and B) . In cells treated by starvation for 2 h, M. tuberculosis can be seen in dense lysosomes that are also positive for ubiquitin. Within these lysosomal structures, the ubiquitin label was frequently found associated with internal, membranederived debris that was also LAMP1-positive ( Fig. 3C and SI Fig.  7 ), which is consistent with delivery through invagination and the formation of MVBs. In untreated, M. tuberculosis-infected BMM⌽, there was little antiubiquitin signal in the bacteriacontaining vacuoles (Fig. 3B) ; however, upon the up-regulation of autophagy by serum starvation, the delivery of ubiquitin to the bacteria-containing vacuoles was enhanced markedly (Fig. 3C ). The shift in abundance of ubiquitin label into the lumen of LAMP1-positive vesicles and the lumen of bacteria-containing vacuoles was scored in Fig. 3 D and E, respectively. The increased ubiquitin signal in the lumen of lysosomes in serum-starved macrophages could be the result of enhanced delivery or decreased proteolysis (23) .
Our hypothesis hinges on ubiquitin accessing the lumen of the lysosome through the biogenesis of multivesicular bodies. We had demonstrated previously that comparable cytosol-lysosome transfer was enhanced in autophagous cells (17) . To establish a connection, we examined the distribution of ubiquitin in macrophages from LC3-GFP mice. LC3, or Atg8, is an essential component of the endosomal sorting complex required for transport (ESCRT) machinery required for formation of MVBs and autophagosomes that is lipidated and associates with autophagosomes upon induction of autophagy (24) . Furthermore, evidence indicates that LC3 binds to ubiquitin by means of a bridging protein, p62 (25) . In resting and autophagic macrophages, LC3-GFP-positive autophagosomes colocalized with LAMP1 positive vacuoles (SI Fig. 8A ). And although there was limited colocalization of ubiquitin and LC3-GFP in resting macrophages, upon induction of autophagy, the strongest ubiquitin-positive bodies in the cell were also positive for LC3 (SI Fig.  8B ). These findings establish a connection between autophagy and the delivery of ubiquitin to the autophagosomes.
The induction of autophagy in Mycobacterium bovis bacillus Calmette-Guérin-and M. tuberculosis-infected macrophages through either serum starvation or treatment with the drug rapamycin was reported to lead to significant killing of intracellular bacteria by Gutierrez et al. (8) . However, the induction of autophagy by cholesterol depletion of Mycobacterium aviuminfected macrophages failed to impact bacterial survival (26) . Despite this disparity, we were able to reproduce bacterial killing in M. tuberculosis-infected BMM⌽ (SI Fig. 9) . Furthermore, we demonstrate that this enhanced killing was due not only to the increased delivery of bacteria to the lysosome but also to the increased mycobactericidal capacity of the lysosomal fraction isolated from autophagic BMM⌽ (SF*) compared with SF in bactericidal assays with M. smegmatis and M. tuberculosis (Fig.  4A) . HPLC fractionation of SF* and in vitro assays determined that bactericidal activity was present exclusively in a single peak that eluted from the column identically to that of SF (Fig. 2 A) . The amount of ubiquitin present in SF and SF* was determined by immunoblot analysis to be 30 M and 40 M, respectively (Fig. 4C) . Therefore, the increase in bactericidal activity of SF* correlates with an enrichment of ubiquitin in lysosomal compartments determined both biochemically and by immunoelectron microscopy. These experiments used serum starvation or rapamycin treatment to induce autophagy; however, it has been shown that IFN-␥ activation, which is more physiologically relevant to M. tuberculosis infection, is also an inducer of autophagy. Consistent with our hypothesis, SF was isolated from IFN-␥-activated macrophages (SF IFN) and found to be more bactericidal than SF from control macrophages (Fig. 4B) . As shown in Fig. 4C , this increase was mirrored by an increase in the concentration of ubiquitin to 51 M, as determined by immunoblot analysis. Comparative blot analysis of the SFs revealed a concomitant increase in level of LC3-GFP, linking the increased ubiquitin concentration to the autophagous process (SI Fig. 10) .
Interestingly, there is a body of literature that ascribes antimicrobial activity to ubiquitin. Ubiquitin has been identified as a constituent of several extracts that have antibacterial activity, including medium conditioned by insect cells, the mucosal layers of the colon and cervix, and the secretory granules of chromaffin cells (27) (28) (29) (30) . To demonstrate formally that ubiquitin was capable of killing Mycobacterium, we incubated purified ubiquitin with bacteria in vitro and found that intact ubiquitin did not display bactericidal activity. But it is anticipated that lysosomal ubiquitin would undergo cleavage by the diverse proteinases present, generating ubiquitin-derived peptides. In support of this hypothesis, bacterial killing was observed upon preincubation of full-length ubiquitin with the lysosomal proteinases cathepsins B, D, or L (Fig. 5A) . No killing was seen in the presence of cathepsins B, D, or L in the absence of ubiquitin. Consistent with these data, the mycobactericidal activity of the lysosomal fraction could be enhanced by the addition of intact ubiquitin to the lysosomal extract (Fig. 5B) . Combined, these data suggest strongly that ubiquitin-derived peptides are responsible for the bactericidal activity.
Previous work by Kieffer et al. reported that peptides derived from ubiquitin were capable of microbicidal activity against a range of organisms (28) . They identified two endoproteinasederived peptide sequences Ub1 and Ub2 (Fig. 2B ) that exhibited differential activity against fungal and bacterial pathogens. We synthesized peptides corresponding to these sequences and found, consistent with the published data (28) , that no activity was observed with Ub1, but Ub2 was capable of mediating significant antibacterial activity against both M. smegmatis and M. tuberculosis. Using a growth inhibition assay on M. tuberculosis, we determined that the Ub2 peptide exhibited an minimum inhibitory concentration of 5 M, indicating potent antimyco- bacterial activity that is consistent with the concentrations of ubiquitin found in the SFs (Fig. 5C ).
Conclusions
This work details how ubiquitin-derived peptides contribute to the bactericidal capacity of the lysosomal milieu. The lysosomal compartment contains a complex mixture of hydrolytic enzymes, including proteases and lipases, and it is likely that ubiquitinderived peptides in the lysosomal lumen would act synergistically with these other compounds to promote bacterial killing. The antibacterial properties of ubiquitin-derived peptides, compared with the relatively inert full-length ubiquitin, are similar to those reported for several other naturally occurring peptide fragments of larger proteins. Domains of lactoferrin and hemoglobin, termed lactoferricin and hemocidin, respectively, are bactericidal against Gram-negative and Gram-positive bacteria at micromolar concentrations (31, 32) . Antibacterial properties are also ascribed to peptides that correspond to fragments of histones and ribosomal proteins L30, S30, and S19 (27, 30, 33) . A 6.6-kDa antimicrobial peptide fragment of the S30 ribosomal protein was isolated from the cytosol of a macrophage-like cell line by Hiemstra et al. (34) , who designated it ubiquicidin because it shares 38% overall identity with the full-length ubiquitin molecule. The bactericidal ubiquitin peptides used here are distinct from ubiquicidin, which was not identified as a component in the lysosomal soluble fraction.
Our observations also expand our understanding of the antibacterial capacity of macrophages and reveal an unappreciated role for the lysosomal degradation of ubiquitinated proteins. Immunoelectron microscopy revealed an unexpectedly strong lysosomal localization for ubiquitin-conjugated proteins, indicating that macrophages, in particular those undergoing autophagy, appear to traffic a large proportion of ubiquitinated proteins to the lysosome. The accumulation of ubiquitinated proteins in the autophagic vacuole and the autophagolysosome may provide a regulatable source for bactericidal, ubiquitinderived peptides. Our data demonstrate a functional correlation between the concentration of lysosome-associated ubiquitin and the bactericidal activity of the organelle. This finding provides a potential killing mechanism behind the previous reports of enhanced bactericidal activity in autophagous cells infected with bacterial pathogens (8) (9) (10) (11) (12) . Intriguingly, genes encoding two different E3 ubiquitin ligases have been implicated in susceptibility to infection by M. tuberculosis and Mycobacterium leprae. Mira et al. (35) reported that mutations in the regulatory region of the Parkinson's disease gene PARKIN or PARK2 correlated strongly with susceptibility to leprosy. Parkin is a HECT E3 ligase that mediates polyubiquitination at lysine-48, targeting its substrate to the proteosome. However, it has also been shown to ubiquitinate proteins at lysine-63, and this reaction leads to aggregation of ubiquitinated proteins (36) . Intracellular aggregates of ubiquitinated proteins are known to accumulate in the absence of autophagy, suggesting that this pathway may lead to delivery of ubiquitin to the lysosomal network (18, 19) . The other locus identified as correlating with susceptibility to M. tuberculosis encodes UBE3A, another HECT E3 ligase, but it has not been characterized to the same degree as PARKIN (37) . The data are provocative, however, given the pleotropic roles of E3 ubiquitin ligases in immune regulation, the suggestion of a direct effect remains speculative (38, 39) . Isolation of Bactericidal Soluble Fraction. Lysosomes were isolated from BALB/c BMM⌽ as described previously (40), and SF was obtained as follows. Confluent T150 were incubated for 2 h with 20 mg/ml iron dextran and then chased in culture medium. Macrophages were harvested by scraping into homogenation buffer (250 mM sucrose/20 mM Hepes/0.5 mM EGTA/0.1% gelatin, pH 5.5) and lysed by multiple passages through a tuberculin syringe with a 25-gauge needle. Cell debris and unbroken cells were removed by centrifugation at 500 ϫ g for 10 min. The supernatant was applied to a MiniMACS column (Miltenyi Biotech, Auburn, CA) placed on a magnetic stand to retain iron-loaded lysosomes. After two washes with homogenation buffer, the column was removed from the magnetic stand and the lysosomes eluted in 1 ml of homogenation buffer. To prepare SF, the lysosomes were centrifuged 12,000 ϫ g for 5 min. The pellets from 2.5 ϫ 10 8 cells were then resuspended in 1 ml of 20 mM sodium acetate buffer (pH 5.5) containing 1% Tween 20. This lysate was then centrifuged at 100,000 ϫ g, 4°C, for 50 min. The resulting supernatant (SF) was stored at Ϫ20°C. Total protein content was estimated by using the detergent-compatible Bradford protein assay. To prepare SF*, autophagy was induced by amino acid and serum starvation. Macrophages were incubated for 2 h at 37°C in Earle's balanced salt solution (starvation medium) and then incubated in 20 mg/ml iron dextran for 2 h and chased for 2 h in starvation medium. Macrophages were harvested, and SF was purified as described above. To prepare SF IFN, macrophages were activated overnight by using 100 units/ml IFN-␥, then the standard protocol was followed. The standard assay to determine antimycobacterial activity of soluble fraction was as follows: 1 ϫ 10 5 cfu of log-phase M. tuberculosis or M. smegmatis was incubated in medium containing 50 g/ml or 100 g/ml of SF in sodium acetate buffer or an equivalent amount of sodium acetate/Tween 20 buffer (control) for the indicated time. After treatment, serial dilutions were plated to determine the colony-forming units per milliliter of SF-treated bacteria compared with the control. In all bactericidal assays, three independent experiments were performed.
Materials and Methods

Purification of Antimycobacterial Component by HPLC.
To purify the bactericidal compound further, SF was applied to a cationexchange column (Partisil 5 SCX; Whatman, Florham Park, NJ) equilibrated in 20 mM sodium acetate buffer at a flow rate of 1 ml/min. After a 30-min wash, fractions were eluted over 20 min in a gradient of 0-1.0 M NaCl by using a System Gold HPLC (Beckman, Fullerton, CA). After desalting, the bactericidal activity of each fraction was determined as described above. The bactericidal fraction was analyzed by nano liquid chromatography/tandem mass spectrometry by the Cornell Biotechnology Resource Center Proteomics and Mass Spectroscopy Facility.
Sample Preparation for Electron Microscopy and Immunoelectron
Microscopy. Macrophages were infected at a multiplicity of infection of 10:1, then incubated at 37°C in standard culture medium or medium containing 50 g/ml rapamycin (Sigma, St. Louis, MO) or Earle's basic salt solution (starvation medium) to induce autophagy. At 2 and 4 h after infection, the medium was removed, and the cells were fixed in cold 200 mM Pipes containing 4% paraformaldehyde. Parallel infections were performed, and the bacterial viability in control macrophages (at 4 h after infection) and macrophages undergoing autophagy (at 2 and 4 h after infection) was determined by cfu assay. After processing as detailed previously (41) , sections were probed with mouse monoclonal antibody (FK2) against conjugated ubiquitin (Biomol, Plymouth Meeting, PA) and rat ID4B against LAMP1. Antibody binding was visualized with 12 nm of gold-conjugated goat anti-mouse IgG and 6 nm of gold-conjugated goat anti-rat IgG (Jackson ImmunoResearch, West Grove, PA). SF-treated M. smegmatis were fixed in 2% glutaraldehyde for 1 h at 4°C and processed into Spurr's resin.
Bactericidal Activity of Ubiquitin. Purified ubiquitin that corresponds to the N-terminal ubiquitin sequence of Rps27a was purchased from Sigma. The bactericidal activity of ubiquitin was determined by incubating 1 ϫ 10 5 cfu of M. smegmatis with 25 M ubiquitin or buffer-only control overnight at 37°C. The number of surviving bacteria was determined by plating serial dilutions. Preincubation of 25 M ubiquitin with 0.5 unit of cathepsin B, cathepsin D, or cathepsin L (Sigma) was performed at 37°C overnight before performing the standard bactericidal assay on M. smegmatis.
Quantification of Ubiquitin in SF.
To quantitate the relative amount of ubiquitin present in SF, an immunoblot was performed on equivalent protein amounts from SF and SF* compared with a known amount of purified ubiquitin standard. The immunoblot was probed with monoclonal antibody against ubiquitin and a horseradish peroxidase anti-mouse secondary antibody. Signals were quantitated by using ImageQuant software (National Institutes of Health, Bethesda, MD).
Bactericidal Activity of Ubiquitin Peptides. Ubiquitin peptides Ub1-34 (MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKE) and Ub2 (STLHLVLRLRGG) were synthesized by GenScript Corp. (Piscataway, NJ). To determine bactericidal activity against M. smegmatis, the standard bactericidal assay described above was performed. To determine bactericidal activity against M. tuberculosis, 5 ϫ 10 5 cfu/ml was incubated over 4 days with the indicated concentrations of Ub2, and the number of surviving bacteria was determined by plating cfu.
